Electronic relaxation processes of all-trans-2, 4,6,8- manifold. The reverse S 1 → S 2 internal conversion rate is shown to be significantly slow as compared with the forward S 2 → S 1 internal conversion rate.
Introduction
Linear conjugated polyenes have been the subject of a number of spectroscopic investigations, because such studies advance our understanding of not only polyene electronic structure but also the connection between that structure and the electronic relaxation processes [1 -3] . It is now well-known for unsubstituted polyenes with the polyene double bond number from 3 to 8, that the lowest energy excited singlet state, S 1 , is 2 1 Ag and that the second excited state, S 2 is 1 1 Bu [4 -9] . In order to obtain a deeper insight into the photophysical processes of linear polyenes, it is of importance to investigate the emission property in the vapor phase where the molecules are not influenced by the environment.
A number of studies have been carried out for the spectroscopy of octatetraene and methyl-substituted octatetraene in the vapor phase and in solution [10] [11] [12] [13] [14] [15] [16] [17] . Gavin et al. have measured the absorption and emission spectra of octatetraene along with fluorescence quantum yields and lifetimes in solution and in the static vapor phase [10] .
They observed the fluorescence from the 1 1 Bu and 2 1 Ag states in solution, but observed molecular beams [13] . The emission properties of octatetraenes reported so far are summarized as follows: In the case of octatetraene, the emission consists mostly of the Why the S 2 fluorescence is absent or extremely weak in the condensed phases for octatetraene and decatetraene? In order to elucidate the emission property of octatetraene and its analogues, it is of importance to link the photophysics in the vapor and condensed phases. In the vapor phase at low pressure, normally the molecules suffer no collisions during the lifetime of the excited states, while in the condensed phases the molecules are relaxed eventually to the lower vibrational levels of the lowest excited states.
In the present work, the fluorescence spectrum of decatetraene (CH 3 -(CH=CH) 4 -CH 3 ) vapor has been measured at different buffer gas pressures from 0 up to 1.07 × 10 5 Pa (~ 800 Torr) and with different excitation energies along with the excitation spectrum. It is shown that the S 1 and S 2 fluorescence of decatetraene in the static vapor phase originate from the unrelaxed excited levels at low pressure, while a part of the S 1 fluorescence originates from the relaxed levels at elevated pressures. It is also shown that the quantum yields of both the S 1 and S 2 fluorescence are in the order of 10 -5 and that the former yield increases with increasing the buffer gas pressure, while the latter yield decreases slightly. The S 1 fluorescence quantum yield in the collision free condition is found to decrease significantly with increasing the excitation energy, while the S 2 fluorescence yield decreases only slightly. The pressure dependence of the observed fluorescence quantum yields is interpreted in terms of the relaxation model involving the reversible internal conversion between the S 1 and S 2 states and the vibrational relaxation in the S 1 manifold. It is shown that the reverse S 1 → S 2 internal conversion rate is significantly slow as compared with the forward internal S 2 → S 1 conversion rate.
Experimental

Materials and Sample Preparation.
All-trans-decatetraene was prepared by means of the Witting reaction between hexadienal and crotyltriphenylphosphonium bromide [13] . The product was purified by passing through a silica-gel column using pentane as an eluent followed by the recrystallization at 0 °C from pentane. This procedure was repeated twice and finally recrystallized from pentane. The white solid thus obtained was stored in a vial at -5 °C under the dark after being filled by nitrogen gas. The first strong absorption band of decatetraene in hexane is observed at 310 nm and the emission starts from 350 nm, showing the emission maximum near 420 nm.
The absence of any impurity absorption and emission in hexane at room temperature, and verification that the measured excitation spectrum in hexane agreed well with the corresponding absorption spectrum in the 230 -350 nm region suggest that the purified sample is sufficiently pure for the experiment.
Perfluorohexane (C 6 F 12 ) obtained from Aldrich, USA and N 2 gas were used as buffer gases.
Samples were prepared on an all-glass made vacuum line equipped with a diffusion pump under the dark using the red light. C 6 F 12 sealed in a side arm was degassed by repeated freeze-pump-thaw cycles. A small amount of sample crystal in a non-fluorescent 10-mm square quartz cell was also degassed by repeated freeze-pump-thaw cycles at a background pressure of less than 0.013 Pa (10 -4 Torr).
C 6 F 12 used as a buffer gas was admitted into the sample cell after degassing. The pressure of C 6 F 12 was controlled by the temperature of the side arm varied from -25 to -5 °C. The sample cell with buffer gas was then isolated from C 6 F 12 reservoir, the contents were trapped by liquid nitrogen, and the cell was sealed off. By measuring the pressure and volume of C 6 F 12 gas before trapping and by measuring the volume of the cell at the end of the experiment, we estimated the buffer gas pressure. Similar procedure was carried out for adding N 2 gas to the sample for which the N 2 pressure was measured by a Hg gauge before the cell was sealed off.
The sample pressures were always kept blow the saturation pressures at the temperatures used in the present study. Since the vapor samples were found to be extremely unstable upon photon irradiation, all the measurements were carried out only once for each fresh sample just after the preparation. In particular, the samples of decatetraene vapor without the buffer gas are found to degrade rapidly upon irradiation.
Thus, each emission spectral measurements were carried out within 10 min. It was confirmed that the absorption spectra measured before and after the emission measurement did not change throughout the experiment. Background and scattered light were subtracted from the measured spectra.
Fluorescence spectra were corrected for the spectral sensitivity of the detection system by comparing the measured spectrum with the real spectrum using β-naphthol in acetic acid-sodium acetate buffer solution as the standard. Excitation spectra were corrected for the spectral intensity distribution of the exciting light with an aqueous solution of rhodamine B as a quantum counter. Emission quantum yields were determined by comparing the corrected emission spectrum of the sample with that of quinine in sulfuric acid used as a quantum counter, which is assumed to have a fluorescence quantum yield of 0.51. The spectral change similar to that shown in figure 1 is seen at high total pressure, indicating that even at 1.07 × 10 5 Pa (800 Torr) both of the S 1 and S 2 fluorescence originate, at least in part, from the unrelaxed levels. Figure 4 shows the corrected excitation spectra of pure decatetraene vapor without buffer gas obtained by monitoring the S 1 and S 2 fluorescence along with the absorption spectrum. It is seen that the intensity of the excitation spectrum of the S 1 fluorescence decreases significantly with increasing excitation energy as compared with that of the S 2 fluorescence. This observation suggests the presence of the fast S 1 → S 0 internal conversion which increases rapidly upon increasing the excitation energy.
In figure 5 , we show the excitation energy dependence of the S 1 and S 2 fluorescence quantum yields for pure decatetraene vapor. These yield values are obtained by division of the corrected excitation spectra of pure decatetraene vapor by the absorption spectrum.
Although both of the S 1 and S 2 fluorescence yields decrease with increasing the excitation energy, the decrease is not significant for the latter yield.
Fluorescence quantum yields of decatetraene vapor obtained at different pressures are plotted in figure 6 for the two-excitation energies. No appreciable difference is observed between the C 6 F 12 and N 2 pressure dependence of the fluorescence quantum yields. It is seen in figure 6 that the quantum yield of the S 1 fluorescence, Φ F (S 1 ), increases with increasing the buffer gas pressure, while that of the S 2 fluorescence, Φ F (S 2 ), is nearly constant over whole range of the pressure. On the basis of the relaxation model illustrated in figure 7 , the fluorescence quantum yields obtained by the excitation into the S 2 state are expressed in the forms,
where
In equation 1, the first term,
, corresponds the contribution from the unrelaxed S 1 state, while the second term is the one from the relaxed S 1 state (S 1 0 ). It follows from equations 1 and 2 that
As was mentioned, the value for k F1 is reported to be 2 × 10 6 s -1 (τ F1 0 = 500 ns) and the intrinsic radiative lifetime of the S 2 state τ F2 0 (= 1/k F2 ) is evaluated to be 5 × 10 -10 s, which leads the ratio k F1 /k F2 of about 1 × 10 -3 .
In the case of the excitation into the S 2 origin at 34720 cm -1 (288 nm) we obtain Table 1 . Although k r tends to decrease with increasing the excitation energy, k i does not show a significant change against the excitation energy.
In light of the relative magnitudes among the rate constants, the value for Φ F (S 1 )/Φ F (S 2 ) at zero pressure is now expressed approximately by
Since k F1 and k F2 are the intrinsic radiative rate constants, the quantum yield ratio in equation 4 corresponds to the ratio k i /(k x + k r ). As is seen in figure 5 , the quantum yield ratio Φ F (S 1 )/Φ F (S 2 ) shows a monotonous decrease with increasing the excitation energy. This suggests that the value for k i /(k x + k r ) also changes against the excitation energy in the same way as the Φ F (S 1 )/Φ F (S 2 ) value. Since the k r value tends to decrease with increasing the excitation energy (Table 1) , the decrease of the
value is probably brought by the increase of the k x value with increasing the excitation energy. Further, the present analyses show that the reverse S 1 → S 2 internal conversion rate is significantly slow as compared with the forward internal conversion rate.
In the condensed phases, the S 1 fluorescence quantum yield is in the order of 10 -1 , suggesting that the k x and k x 0 values are much smaller than those in the vapor phase.
Further, in the condensed phases the value corresponding to k C p is considered to be larger than that in the vapor phase. Therefore, it is not unreasonable to detect only the S 1 fluorescence in the condensed phases, where the quantum yield of the S 1 fluorescence is as high as 0.1 and that of the S 2 fluorescence is as low as 10 -5 .
Conclusions
The S 1 and S 2 fluorescence of decatetraene vapor are shown to originate from the unrelaxed excited levels at low pressure, while a part of the S 1 fluorescence originates from the relaxed levels at elevated pressures. The quantum yields of both the S 1 and S 2 fluorescence are in the order of 10 -5 and the former yield increases with increasing the buffer gas pressure, while the latter yield decreases only slightly. The S 1 fluorescence quantum yield in the collision free condition decreases significantly with increasing the excitation energy, while the S 2 fluorescence yield decreases slightly.
The pressure dependence of the observed fluorescence quantum yields is interpreted in terms of the relaxation scheme involving the reversible internal conversion between the S 1 and S 2 states and the vibrational relaxation in the S 1 manifold. The reverse S 1 → S 2 internal conversion rate is shown to be significantly slow as compared with the forward internal conversion rate. Absence of the S 2 fluorescence in the condensed phases is presumably due to the appearance of the intense S 1 fluorescence from the lower vibrational levels which are populated by the efficient vibrational relaxation in the S 1 manifold. Further, the weakness of the S 2 fluorescence in the condensed phases is relating also to the fact that the oscillator strengths of S 1 relative to S 2 are comparatively large in the condensed phases due to the small S 1 -S 2 energy separation as compared with that in the vapor phase [19] . Figure 7 Relaxation scheme elucidating the emission properties of decatetraene vapor.
